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Abstract 
Accurate forecasts of water levels are essential for flood protection management. The hydraulic 
roughness of the river bed is dominated by bed forms. Under flood conditions the river bed is 
highly dynamic; bed forms grow and decay as a result of the changing flow conditions, thereby 
influencing the roughness. Hydrodynamic models are applied to predict water levels using the 
hydraulic roughness of the river bed as a calibration coefficient. The objective of this study is to 
predict the bed form dimensions during a discharge wave to improve roughness prediction 
and associated water levels. We showed that the time-lag approach gives reliable predictions of 
bed form dimensions for a discharge wave in a flume. We coupled the time-lag approach to the 
hydrodynamic model Sobek, to enable a physically-based prediction of water levels during a 
discharge wave without the need for calibration. 
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1. Introduction 
Accurate forecasts of flood water levels are essential for flood management. While a lot of 
improvements have been made in the field of hydraulic modeling, the roughness values of the 
main channel and floodplains are still largely uncertain (Warmink et al., 2007, 2013). This 
research focusses on the roughness of the main channel, which is mainly determined by the 
bed forms that develop on the river bed. 
Rivers dunes are the dominant bed forms in many rivers. The height is in the order of 10 - 30% 
of the water depth and their length in the order of 10 times their heights. Under flood 
conditions the bed is highly dynamic; dunes grow and decay as a result of the changing flow 
conditions. River bed forms act as roughness to the flow, thereby significantly influencing the 
water levels. Accurate and fast computer models are required to predict daily water level 
forecasts for operational flood management and forecasting. It is essential to predict the time 
evolution of bed forms and assess their influence on the hydraulic roughness. 
Recently, several successful attempts were made to model bed form evolution and associated 
roughness using detailed numerical modeling (e.g. Giri and Shimizu, 2006, Nabi, 2013). 
However, these models require long computational times and are therefore not applicable for 
operational flood forecasting. Paarlberg et al., (2010) propose an approach to explicitly take 
dune roughness into account in large-scale flow models. In their approach, the 1-D Sobek 
model is used to calculate the flow at the river-reach scale, and a numerical process-based dune 
evolution model is used to calculate dune roughness.  
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Coleman et al. (2005) used an analytical time-lag approach to predict dune evolution in a flume 
experiment with discharge steps. They showed that their approach provides reliable 
predictions of dune dimensions under varying discharge. The objective of this study is to 
extent the Coleman et al., (2005) approach for a discharge wave experiment in a flume. 
Following Paarlberg & Schielen (2012), we couple this dune evolution model to a 1-D Sobek 
model to predict the water levels during a discharge wave. 
2. Data and model description 
2.1 Data 
Many flume experiments are available that show the height of bed forms under different 
discharge conditions (e.g. Guy et al. 1966, Wijbenga and Van Nes 1986, Venditti 2005). 
However, most of these measurements were carried out for a constant flow discharge, so these 
data do not show the hysteresis effect. We used the flume data from Wijbenga and Van Nes 
(1986), who carried out several sets of experiments with discharge steps and two discharge 
waves (Erro! A origem da referência não foi encontrada.). The discharge waves were scaled to 
historical discharge waves in the Dutch river Rhine. Wijbenga and Van Nes (1986) measured 
the bed form evolution and associated flow characteristics. The discharge ranged between 0.03 
and 0.15 m3/s resulting in water depths, h ranging between 0.15 and 0.47 m. The width of the 
flume was 1.5 m for the discharge step experiments and 0.5 m for the discharge waves. The 
measuring section was 30 m long. Bed material consisted of uniform sand with D50 = 0.78 mm. 
In the discharge step experiments they varied the water levels in various steps, both increasing 
and decreasing (Table 1). These experiments were carried out to determine the time to 
equilibrium (te) for various conditions for dune height (H) and dune length (L). These 
experiments show that te is significantly different for dune height and length and depends on 
the preliminary conditions. This large scatter in te was also shown by Coleman et al., (2005). 
Table 1. Flume data from Wijbenga and Van Nes (1986) for a set of experiments using discharge 
steps and two experiments of a discharge waves. 
W&vN Wave/ 
Step 
q h W H0 L0 Heq Leq te,H te,L 
[test ID] [m2/s] [m] [m] [m] [m] [m] [m] [h] [h] 
T23 Step 0.097 0.3->0.2 1.5 0.085 1.52 0.067 1.37 1.55 6.25 
T24 Step 0.177 0.2->0.3 1.5 0.067 1.37 0.085 1.52 1.55 2.78 
T25 Step 0.098 0.3->0.2 1.5 0.085 1.52 0.067 1.37 3.18 8.33 
T26 Step 0.267 0.2->0.4 1.5 0.067 1.37 0.10 1.73 0.60 7.14 
T27 Step 0.098 0.4->0.2 1.5 0.10 1.73 0.067 1.37 0.34 12.5 
T29 Step 0.177 0.2->0.3 1.5 0.067 1.37 0.085 1.52 1.62 4.35 
           
T43 Wave 0.064- 
0.288 
0.15- 
0.47 
0.5 0.043 0.99 Hmax = 
0.080 
Lmax = 
1.22 
Twave =  
3.5h 
T44 Wave 0.062- 
0.294 
0.15- 
0.48 
0.5 0.042 0.99 Hmax = 
0.085 
Lmax = 
1.29 
Twave =  
7h 
 
Figure 1 shows the two discharge waves (T43 and T44) from Wijbenga & Van Nes (1986). One 
was scaled to the extreme discharge wave for the river Rhine (experiment T43), with a duration 
of 3.5 hours. After the discharge wave the initial discharge was maintained for another 3.5 
hours. The other discharge wave (experiment T44) was similar, but the duration of the wave 
was doubled to 7 hours. 
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In Figure 1 the horizontal axis shows the normalized time (t/Twave), so the two discharge waves 
collapse. Small differences are shown in the dune dimensions for the two discharge waves. The 
dune height in the faster discharge wave (T43) shows a slightly stronger hysteresis than the 
slower (T44) discharge wave. 
This effect is more pronounced for the dune length observations (Figure 1; right). Furthermore, 
the dune length data shows that dune length only starts to decay after the discharge wave has 
passed (at t/Twave=1). 
This is argued in Warmink et al., (2012) to be the effect of superimposed bed forms that are 
responsible for the decrease of dune length and which only appear at the end of the discharge 
wave. 
 
Figure 1. Two discharge waves from Wijbenga and Van Nes (1986) for dune height (left) and dune 
length (right); t/Twave=3.5h for T43 and t/Twave=7h for T44. 
2.2 Model description 
We adapted the SobekDune model of Paarlberg et al., (2010). In their approach, the 1-D Sobek 
model is used to calculate the flow at the river-reach scale, and a process-based dune evolution 
model is used to calculate dune roughness. 
In this paper we use the same approach to create a coupling between Sobek and a dune 
roughness model (Figure 2). We apply this model to the flume experiments of Wijbenga & Van 
Nes (1986). Paarlberg et al., (2010) used a numerical, physically-based dune evolution model to 
compute the dune dimensions. 
In this study we replaced this numerical dune evolution model and applied the analytical time-
lag method of Coleman et al., (2005) as the dune evolution model. 
Coleman et al., (2005) adopted the commons scaling relationship for sand-wave development 
from an initially flat bed from Nikora & Hicks (1997): 

  



      for 0.01< 

< 1 [1] 
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Figure 2. Schematic representation 
of SobekDune (after Paarlberg et 
al., 2010). 
where P is the average value of dune length or height, Pe is the equilibrium value, t is time, te is 
the time to achive Pe, and γ is a growth rate parameter. Coleman et al. (2005) derived a relation 
for γ, based on many flume experiment with a discharge step. They showed that growth rate 
was different for dune height and dune length and only depended on sediment size, D: 
 γ	  0.22D∗.  0.37 [2] 
   0.14∗.  0.32 [3] 
 D∗  D/  1 /! "/ [4] 
where γH and γL are the growth rate parameters for height and length respectively (-), D50 is the 
median grain size (m), g is the acceleration of gravity (9.81 m/s2), s is the relative density of 
sand (2.65) and ν is the kinematic viscosity (1.05x10-6 m2/s at 18°C). Furthermore, the Coleman 
approach requires an estimate of the time-to-equilibrium, te, and the equilibrium dune 
dimensions, Heq and Leq. 
Coleman et al. (2005) used their data to derive an empirical equation to predict the time-to-
equilibrium for dunes, based on shear velocity, #∗, water depth, h, the Shields number, θ, and 
critical Shields number, θcr: 
 t% & '∗()*+  2.05 ∗ 10
- .()*/ 
-.0 . 1123
-"."0 [5] 
Coleman et al. (2005) assumed that the times to equilibrium are equal for dune height and dune 
length, based on flume experiments with a discharge step that show that after a certain period 
of time (after the perturbation in the flow) dunes reach their equilibrium. However, Wijbenga 
and Van Nes (1986) showed that the maximum dune height is reached long before the 
maximum dune length is reached (Table 1). Calibration showed that te for dune height needed 
to be adapted by a factor 0.01 to yield realistic results. 
Many empirical equations are available to predict the equilibrium dune dimensions, such as 
Yalin (1964), Van Rijn (1984), Julien and Klaassen (1995). These equations are usually a relation 
between dune dimensions and water depth and depending on the author several other 
parameters. Naqshband et al., (2013) showed that based on e.g. the Froude number the dune 
dimensions may significantly differ. This implies that the most appropriate equilibrium 
predictor needs to be selected. In this study we adopted the simple theoretically based dune 
dimensions predictor of Yalin (1964), which performs well for flume data. 
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 Δ  0.33	ℎ [6] 
 Λ  2π	h [7] 
where Δ is dune height (m), Λ is dune length (m) and h is water depth (m). In this paper we 
used the equilibrium dune dimensions from [6,7], the time-to-equilibrium from [5], and 
equation [1] to predict the dune dimensions. 
For the final step (dune roughness model; Figure 2), the dune roughness coefficient of the main 
channel was computed as a Nikuradse roughness height. Following Van Rijn (1984), the 
roughness height of the bed (ks) can be found from a summation of a contribution due to grains 
(kgrains) and due to dunes (kdunes). We adopted the roughness predictor of Van Rijn (1993) for the 
relation between computed dune dimensions and bed roughness where α = 0.7: 
 :;<=>?@  3DA [8] 
 kC'D%E  1.1αΔ G1  exp -KL M [9] 
This roughness height is translated into a Chézy, C coefficient using the White-Colebrook 
equation. 
 C  18log "STU  [10] 
Where R is the hydraulic radius of the bed. In our modelling approach, we imposed the 
discharge in Sobek to compute the water depths, given an initial roughness. For this water 
depth, the dune dimensions and associated roughness were computed. If at time, t, the water 
depths or roughness changed more than 5% compared to the start of the run, the water levels 
are re-computed using the updated roughness. These steps were repeated until the end of the 
discharge series. The results of the SobekDune model are compared to the calibrated Sobek 
model, without the bed evolution module. 
3. Results 
3.1 Application of time-lag approach to the discharge step data 
The Coleman method was applied to the Wijbenga and Van Nes data sets. Figure 3 shows the 
results for the discharge-step data set. The initial and equilibrium values for dune height and 
length and time-to-equilibrium are derived from the experiments (Table 1). The slopes of the 
lines that shows the growth of the dunes towards the equilibrium values are determined by the 
growth factor, which was taken from Coleman et al., (2005). No validation data for the slope 
was available for the experiments. 
The parameters that determine the dune dimensions are the equilibrium height or length, the 
time-to-equilibrium and the growth factor. Note that the results in Figure 3 are derived using 
the observed time-to-equilibrium, which implies that H(t) = Heq at t=te. These results are 
similar to the results obtained by Coleman et al., (2005) for their discharge steps. 
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Figure 3. Dune height (left) and length (right) predicted using the Coleman time-lag method for the 
discharge step data of Wijbenga & Van Nes (1986) for time steps of 100s. 
3.2 Application to discharge wave data 
Figure 4 shows the predicted dune height and length for the discharge wave. The time-to-
equilibrium was estimated using Coleman et al., (2005; eq. 5). The figures show that dune 
height and length never reach their equilibrium value. Using the time-lag approach 
significantly improves the predicted dimensions compared to the equilibrium models. The 
small jumps visible in Figure 4 are caused by the use of the growth factor. However, these 
variations are small compared to the general trend of the prediction. The value of the growth 
factor is therefore of minor importance in the discharge wave case, because information about 
the equilibrium value is available on a time-scale much smaller than the time-to-equilibrium.  
The te values for dune length from equation (5) ranged between 236,000 to 29,000,000 seconds 
during low water depth and peak discharge respectively, which is 2.7 to 340 days. These values 
seem unrealistic, but resulted in a reasonably good fit to the observed dune dimensions. 
The te values for dune height after calibration ranged between 2400 seconds and 82 hours. The 
results for the dune length show that the time-to-equilibrium is slightly underestimated, 
because the observations show a larger time-lag than the predicted dune lengths. 
The bottom two panesl of Figure 4 show that the slower discharge wave leads to less 
attenuation of the dune heights and lengths and a smaller time-lag. This was expected, because 
the same values for te were used. However, the times-to-equilibrium from Table 1 suggests 
that the longer discharge wave may require a different time-to-equilibrium. This shows that the 
time-to-equilibrium is largely uncertain and difficult to quantify, because it varies for different 
situations. Further research is required to improve its estimates. 
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Figure 4. Dune height (left) and length (right) predicted using the Coleman time-lag method for the 
fast discharge wave (T43; top) and slow discharge wave (T44; bottom). Data from Wijbenga & Van 
Nes (1986) for time step of 100s. 
3.3 Predicting dune evolution and water level using SobekDune 
Figure 5 shows the results of the SobekDune model for the fast (T43) discharge wave compared 
to the calibrated Sobek model run and the observed roughness (based on water level slope). 
This figure shows that the water levels from the SobekDune model are similar to the water 
levels from the calibrated Sobek model. This implies that we can accurately predict the 
roughness without the need for calibration. 
The left panel shows that the calibrated and SobekDune roughness are slightly underestimated 
during the peak of the discharge wave. The roughness from SobekDune is similar to the 
calibrated roughness, however, it shows a small hysteresis effect, which is also shown in the 
data. The water levels are quite well predicted, with a deviation up to 6 cm during the 
discharge peak. The small differences in the right panel of Figure 5 are caused by a small error 
in the timing of the discharge peak. If we compare the maximum water level (thereby omitting 
the error in the timing of the peak), the errors are 0.69 cm for the calibrated model and 0.15 cm 
for the SobekDune model. 
The bottom right panel in Figure 5 shows the water level differences for the slow discharge 
wave. This shows that both the calibrated model and SobekDune model simulate the water 
depths highly accurate throughout the discharge wave with maximum differences of 1 cm. 
Also, here the largest variation is shown at the peak of the discharge wave (t=5h). 
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These results show that the Coleman et al. (2005) bed form evolution model combined with the 
Van Rijn (1993) roughness model results in accurate predictions of the water level for these 
flume experiments and eliminates the need for calibration. 
 
Figure 5. Water depth (top left) and roughness (top right) during the discharge wave T43 and water 
level differences from SobekDune and Sobek calibrated for T43 (bottom left) and T44 (bottom right). 
4. Conclusions and outlook 
We conclude that: 
• The Coleman et al., (2005) time-lag approach was successfully applied to two discharge 
wave and improves the predicted dune heights and lengths compared to equilibrium 
predictors. However, estimates of the time-to-equilibrium remains highly uncertain and is 
difficult to obtain from observed parameters. 
• The computation of dune dimensions and associated roughness performed equally well as 
the calibrated model for water level predictions, thereby eliminating the need for 
calibration of the hydraulic model. 
The Coleman method is time-efficient and seems promising for explicitly computing the 
hydraulic roughness during a discharge wave in the field. However, additional research is 
required on estimates of the time-to-equilibrium to yield more accurate predictions of dune 
dimensions. 
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